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Introduction
[2] Since the dramatic retreat of Arctic sea ice in summer 2007 [e.g., Stroeve et al., 2008] , the summer extent of the Arctic sea ice cover has been at the lowest levels on record [Comiso, 2012] , with a new record minimum seen in 2012. The steep decline occurred after years of shrinking and thinning of the ice cover in a warming Arctic [e.g., Meier et al., 2007; Lindsay et al., 2009; Kwok and Rothrock, 2009] , leading to a significant reduction in Arctic sea ice volume Schweiger et al., 2011] . Meanwhile, ice drift speed increased [e.g., Hakkinen et al., 2008; Rampal et al., 2009; Spreen et al., 2011] . This increase is linked to the thinning of the ice cover, which tends to reduce ice mechanical strength and increase ice deformation and hence fracturing and lead opening [Rampal et al., 2009] . These changes in sea ice dynamics may have a significant impact on the ice mass balance of the Arctic Ocean.
[3] This model study aims to examine the recent changes in the dynamic properties of the thinning ice cover. We focus on the period 2007-2011 because of the record low sea ice extent and volume. Results from the period 2007-2011 are compared with those from the period . We try to quantify the link between changes in ice volume or thickness, mechanics, and dynamics. It is hoped that the results of this model study may assist the design of observational studies to further improve our understanding of the impact of the declining sea ice cover. To this end, we conducted a model hindcast using the coupled Pan-arctic IceOcean Modeling and Assimilation System (PIOMAS) [Zhang and Rothrock, 2003 ].
Model Description and Evaluation
[4] PIOMAS consists of the thickness and enthalpy distribution sea ice model [Zhang and Rothrock, 2003 ] coupled with the POP (Parallel Ocean Program) ocean model [Smith et al., 1992] . The ice model simulates the evolution of a 12-category ice thickness distribution and ice ridging processes explicitly following Hibler [1980] . Ice motion is solved following Zhang and Hibler [1997] based on a momentum equation that consists of a teardrop plastic rheology describing a relationship among ice internal stress, strain rate, and mechanical strength [Zhang and Rothrock, 2005] . The model is driven by daily NCEP/NCAR reanalysis atmospheric forcing including 10-m surface winds and 2-m surface air temperature (SAT) [Zhang and Rothrock, 2003] . Model spin-up consists of an integration of 30 years using 1948 reanalysis forcing repeatedly, initialized with a constant 2 m ice thickness in the areas of freezing surface air temperature, ocean temperature and salinity climatology [Levitus, 1982] , and zero ice and ocean velocity. After this spin-up the model proceeds to simulate the period 1948-2011 without data assimilation. Model results over 1979-2011 are examined here.
[5] Model results of ice volume and thickness have been evaluated against a range of observations [Schweiger et al., 2011] . The simulated ice thicknesses agree well with ICESat ice thickness retrievals over 2003-2008 (<0. and capture observed long-term variability. Here we focus on evaluation of model ice speed, comparing model results to daily buoy drift speeds [Ortmeyer and Rigor, 2004 ] over 1979 -2010 . The simulated daily ice speed is highly correlated (R1 = 0.80) with all the available daily buoy data over that period, with a low overall bias of À1% (Figure 1a ). Annual mean model ice speed is also significantly correlated with annual mean buoy speed (R2 = 0.76). Thus the model captures 58% of the interannual variance of the buoy observations.
Results
[6] The model simulates a substantial decrease in sea ice volume in the Arctic Ocean (including the Arctic Basin and Table 1 ). The decrease in ice concentration occurs mostly in the marginal seas (Figure 3d ), though the decrease in ice thickness occurs over the entire Arctic, most severely in the western Arctic ( Figure 3b ). This is why the decline in ice volume is greater than the decline in ice area (Table 1) .
[7] The simulated reduction in ice thickness and concentration during 2007-2011 leads to a 37% reduction in ice mechanical strength, since the model represents ice strength as function of ice thickness and concentration [Hibler, 1979] ( Table 1 and Figure 1d ). The ice strength field (Figure 3e ) resembles the ice thickness field (Figure 3a) , with the largest ice strength reduction in the western Arctic (Figure 3f ) where ice thickness decline is the greatest (Figure 3b ). Ice strength decreases the least in summer (July-September) (Figure 2c ), but ice volume decreases the most in summer (Figure 2a ). This is because in summer ice strength is already low (Figure 2c ).
[8] The reduction in the simulated ice strength during 2007-2011 has a key role in the 13% increase in model ice speed (Table 1 and Figure 1e ). Decreasing ice strength tends to reduce ice internal stress and hence weaken the internal ice interaction force (r ⋅ s where s is ice internal stress tensor) ( Table 1) . Ice interaction force, like water drag, tends to oppose wind stress and thus a decrease in the interaction force allows greater ice acceleration under wind stress [Hibler, 1979] . The increase in ice speed occurs in all seasons except summer (Figure 2d ) because in summer the magnitude and decrease of ice strength, and hence those of ice interaction force (not shown) are all much less (Figure 2c ). The increase in ice speed is greatest in fall (October- December). On average, the speed increase is nearly Arcticwide (Figure 3h ), reflecting the spatial pattern of decline in ice thickness and ice strength.
[9] Rampal et al. [2009] and Spreen et al. [2011] report that the increase in ice speed is unlikely due to an increase in wind forcing. Our model results also show insignificant changes in surface wind speed (SWS) during 2007-2011 (Table 1 and Figure 1e ). Thus in the ice momentum balance, changes in the interaction force, controlled by ice strength, dominate over changes in wind-induced stress on decadal time scales. Although wind forcing does not contribute significantly to the positive ice speed trend, its influence on the interannual variability of ice motion is somewhat stronger. There is an increase in the annual correlation between daily SWS and model ice speed during 2007-2011 ( Figure 1f) . As the internal ice interaction force decreases (Table 1) , its resistance to wind stress or its ability to modify the wind induced ice motion diminishes.
[10] The increase in the annual correlation between SWS and model ice speed during 2007-2011 is due to a general increase throughout the seasons (Figure 4) . The correlation between SWS and model ice speed is subject to considerable seasonal variability. It is generally at the lowest levels in late winter (January-March) and early spring (April-June) when the average ice strength climbs to the highest levels ( Figure 2c ). In summer, the correlation is generally higher, often above 0.85 (Figure 4) [Thorndike and Colony, 1982] , because of the decreased ice strength and hence decreased influence of ice interaction. Summer ice motion may be considered free drift. If ice motion in free drift is defined as correlation above 0.85, then the duration of the ice in free drift during 2007-2011 would be expanded from summer to include part of spring and almost the entire fall (Figure 4 ). Though this definition is arbitrary, it shows that with decreasing ice strength and internal stress, ice motion is more in free drift and therefore may be more susceptible to changes in winds.
[11] The increase in ice speed during 2007-2011 leads to an increase of 17% in ice deformation rate
where ė ij is strain rate tensor; including divergence and shear) ( Table 1 and Figure 1g ). Ice deformation is much smaller in winter and spring than in summer and fall (Figure 2e) . Like ice speed, the increase in deformation during 2007-2011 is strong in all seasons except summer, with the largest increase in fall. The spatial pattern of the deformation increase is also similar to that of the speed increase (Figure 3j ).
[12] Increasing deformation tends to transfer more thin ice into thick ice mechanically through the ridging processes [Hibler, 1980] . This is reflected by generally greater ridged ice production in most of the marginal seas (Figure 3k) where there is more thin ice ( Figure 3a ) and deformation is larger (Figure 3i) . However, the increasing deformation does not increase the area-average ridged ice production during 2007-2011; ridged ice production is 3% less (Table 1 and Figure 1g ). This is because ridged ice production decreases strongly in most of the marginal seas (Figure 3l) where there is less ice to participate in ridging (Figure 3b) . The decrease occurs mainly in fall when ice just starts to grow back in the marginal seas (Figure 2f ). In parts of the central Arctic with sufficient ice, particularly in the areas near the Canadian Archipelago and North Greenland, ice ridging increases, owing to the increase in ice deformation. However, the increase in ridging in these areas does not compensate for the reduction in the marginal seas.
[13] The simulated reduction in ice volume export from the Arctic Ocean (calculated by integrating r Á hu over the Arctic Ocean, where h and u are ice thickness and velocity, respectively; equivalent to export from all gates including Fram Strait) during 2007-2011 is 15% (Table 1 and Figure 1h ). This is expected given the 33% decline in ice volume. This means that the reduction of ice volume export from the Arctic tends to slow down the decline of ice volume in the Arctic. However, the 2007-2011 mean volume export normalized by ice volume is higher than climatology (Figure 1h ). This suggests that without the decrease in ice thickness in recent years the increase in ice speed would have increased the ice volume export out of the Arctic. decline of ice volume is much greater than that of ice area. This is because the ice cover is not only shrinking in mostly the marginal seas, but also thinning over the entire Arctic Ocean, particularly in the western Arctic. There has been a rapid depletion of thicker, older ice [e.g., Lindsay et al., 2009; Maslanik et al., 2011; Comiso, 2012] such that the Arctic sea ice system is approaching one dominated by thin, first-year ice.
Concluding Remarks
[15] The decline of ice thickness is at the center of the simulated changes in sea ice dynamic properties. It is linked to a decrease in ice strength and hence internal stress and interaction force, which boosts ice speed and hence deformation. The increase in mean ice speed has the tendency to cause a positive feedback because it has the potential to increase ice export, as suggested by Rampal et al. [2009] . However, ice volume export is reduced because of the steep decline of ice volume. That is, the rate of increase in ice speed does not match the rate of decrease in ice thickness. The effect of the reduction in ice volume export is to slow down the decline of Arctic sea ice.
[16] The increasing ice deformation means increasing ridging. However, the simulated ridged ice production is increased mainly in parts of the central Arctic where there is plenty of ice to participate in the ridging processes. In most of the marginal seas with reduced availability of ice, ridged ice production decreases significantly. The marginal seas may be considered to be a "factory" of ridged ice because the simulated ridged ice production is generally higher there than in most of the central Arctic. However, the decrease in ridged ice production in most of the marginal seas is severe enough to cause an overall decrease in the Arctic average ridged ice production. Also, ridged ice production decreases mainly in fall, suggesting that the recent summer ice retreats are severe enough to suppress ridged ice production even with increasing ice deformation. The overall decrease in ridged ice production contributes to the demise of thick, multiyear ice as less ridged ice may be advected to the central Arctic from the marginal seas.
[17] As the ice cover becomes thinner and weaker, ice motion may approach a state of free drift not only in summer but also in parts of spring and fall. Thus the ice cover will be more sensitive to changes in wind forcing. While there is little trend in wind forcing on interannual and decadal time scales during 1979-2011, the ice cover may be more susceptible to shorter-term atmospheric changes such as storms or strong southerly wind anomalies that contributed to the drastic ice retreat in 2007 [Overland et al., 2008; Zhang et al., 2008] . This may pose more challenges in forecasts of Arctic sea ice, particularly ice edge locations, on weekly to seasonal time scales.
[18] While model studies can shed light on the changes in the dynamic properties of Arctic sea ice, it is important to monitor the changes through satellite and in situ observations. Our knowledge about Arctic sea ice is largely based on a system dominated by thick, multi-year ice. It is necessary to learn more about the dynamic processes of a thinner and younger sea ice cover. This can be achieved by measuring changes in some of the key dynamic properties, such as the ice mechanical strength as a function of thickness and concentration for first-year ice and the redistribution of ridged ice in first-year and multi-year ice packs. These observations will enhance our understanding of the dynamic behavior of the declining sea ice cover and may improve model physics for a new sea ice regime.
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